Elevated endogenous cholecystokinin (CCK) release induced by protease inhibitors leads to pancreatic growth. This response has been shown to be mediated by the phosphatase calcineurin, but its downstream effectors are unknown. Here we examined activation of calcineurin-regulated nuclear factor of activated T-cells (NFATs) in isolated acinar cells, as well as in an in vivo model of pancreatic growth. Western blotting of endogenous NFATs and confocal imaging of NFATc1-GFP in pancreatic acini showed that CCK dose-dependently stimulated NFAT translocation from the cytoplasm to the nucleus within 0.5-1 h. This shift in localization correlated with CCK-induced activation of NFAT-driven luciferase reporter and was similar to that induced by a calcium ionophore and constitutively active calcineurin. The effect of CCK was dependent on calcineurin, as these changes were blocked by immunosuppressants FK506 and CsA and by overexpression of the endogenous protein inhibitor CAIN. Parallel NFAT activation took place in vivo. Pancreatic growth was accompanied by an increase in nuclear NFATs and subsequent elevation in expression of NFAT-luciferase in the pancreas, but not in organs unresponsive to CCK. The changes also required calcineurin, as they were blocked by FK506. We conclude that CCK activates NFATs in a calcineurin-dependent manner, both in vitro and in vivo.
INTRODUCTION
An adequate supply of pancreatic digestive enzymes is essential for digestion and absorption of food. Pancreas, a normally quiescent organ, is capable of growth as an adaptive response to environmental challenges such as hyperphagia (McLaughlin et al., 1983) , increased dietary protein (Green et al., 1986 (Green et al., 1992 , or injury (Bentrem and Joehl, 2003) . The most firmly established regulators of adult pancreatic growth are gut hormones, in particular cholecystokinin (CCK; Brannon, 1990; Logsdon, 1999) . Administration of exogenous CCK (Niederau et al., 1987) , its analogue cerulein (Solomon et al., 1983; Berube et al., 1993) or an increase in endogenous CCK secretion (Otsuki et al., 1993; Tashiro et al., 2004) all lead to pancreatic growth in a number of animal models. This trophic response is blocked by coadministration of CCK receptor antagonist (Wisner et al., 1988) and is abolished in CCK or CCK A receptor-deficient mice (Sato et al., 2002; Tashiro et al., 2004) . In addition, CCK stimulates proliferation of primary acinar cells in culture (Logsdon, 1986) . CCK signals via G-protein-coupled receptors to a number of downstream targets. One important effector is Gq, which couples to phosphoinositide-specific phospholipase C (PLC-␤) and thereby elevates intracellular calcium (Williams and Yule, 2006) . The initial steps of this pathway are now well understood, but how increased intracellular calcium relates to adaptive growth of the pancreas is not clear.
Ongoing work in a number of systems has focused attention on the calcium/calmodulin-dependent phosphatase calcineurin (also known as PP2B) as a key mediator of adaptive changes in the adult. Calcineurin activates several substrates, most notably a family of four nuclear factor of activated T-cells (NFATc1-c4) transcription factors (Rao et al., 1997) . In a basal state NFATs are heavily phosphorylated and sequestered in the cytoplasm, but upon stimulation rapidly translocate into the nucleus due to calcineurin-mediated dephosphorylation (Crabtree and Olson, 2002) . This pathway was originally identified and is still by far bestcharacterized in the immune system (Hogan et al., 2003) . Activation of NFATs, however, has recently been implicated as a critical link between a prolonged increase in intracellular Ca 2ϩ and initiation of a transcriptional program leading to adaptive changes in other tissues, including chondrogenesis (Ranger et al., 2000; Tomita et al., 2002) , bone remodeling (Matsuo et al., 2004; Asagiri et al., 2005) , lung maturation (Dave et al., 2006) , cerebellar development (Sato et al., 2005) , and skeletal muscle fiber-type switching (Chin et al., 1998) . The importance of calcineurin-NFAT signaling in adaptive growth has thus far been investigated primarily in muscle, especially the heart. Cardiac-specific expression of a constitutively active calcineurin or NFATc4, for instance, is sufficient to induce hypertrophy (Molkentin et al., 1998) and results in accelerated heart failure (Wilkins et al., 2004) . In addition, genetic and pharmacological inhibition of calcineurin-NFAT axis have shown that this pathway is necessary for a full hypertrophic response in cardiac tissue of rodents. In contrast to the heart, our study is the first to examine calcineurin-NFAT signaling in the course of a phys-iologically adaptive adult growth that is largely hyperplastic with synthesis of new cells (Crozier et al., 2006) .
The functional significance of calcineurin in exocrine pancreas has been studied primarily in the context of stimulussecretion coupling. Both the regulatory and the catalytic subunits of calcineurin are expressed in the pancreas and colocalize in the cytoplasm (Burnham, 1985; Yokoyama et al., 1990) . CCK dose-dependently activates calcineurin in isolated acinar cells and the effect is blocked by specific inhibitors of this phosphatase, immunosuppressants FK506 and cyclosporin A (CsA; Groblewski et al., 1998) . Inhibition of calcineurin also leads to a decrease in secretagogue-stimulated protein synthesis (Sans and Williams, 2004) . Recently, our laboratory has addressed the role of calcineurin in a model of pancreatic growth driven by increased endogenous secretion of CCK. Chronic elevation in plasma levels of CCK induced by feeding a diet containing a protease inhibitor (PI) camostat led to more than a doubling in pancreatic weight as well as parallel increases in DNA and protein content (Tashiro et al., 2004) . These changes were completely blocked by injection of CsA or FK506 without any effect on circulating CCK. The downstream transcriptional effectors of calcineurin, however, have not been systematically evaluated. The current study, therefore, examines exocrine pancreatic expression of calcineurin-regulated NFATc1-c4 and details activation of these transcription factors by CCK. Thus far, the vast majority of work centered on calcineurin-NFAT signaling in adaptation is based on either secondary, transformed cell lines, or in vivo models. Here we combine a detailed, multifaceted examination of growth factor-induced activation of calcineurin-NFAT signaling in well-differentiated primary cells together with a study of a physiological model of growth in vivo. We show that CCK activates NFATs both in vitro and in vivo in a calcineurindependent manner and point to NFATs as likely transcriptional effectors of calcineurin in a hormonally regulated, adaptive growth response.
MATERIALS AND METHODS

Materials
Camostat was provided by Ono Pharmaceuticals (Osaka, Japan). TaqMan reverse transcription reagents and Expand high fidelity PCR system were purchased from Roche (Basel, Switzerland). Trizol and PCR primers were obtained from Invitrogen (Carlsbad, CA). Antibodies to NFATc1 (sc-7294), NFATc2 (sc-7296), NFATc3 (sc-8321; polyclonal used in isolated acini) and (sc-8405; monoclonal used mostly in vivo), NFATc4 (sc-1153), GFP (sc-9996),and Lamin A/C (sc-20681) were from Santa Cruz Biotechnology (Santa Cruz, CA); those to cyclophilin A (07-313) from Upstate (Lake Placid, NY); to VDAC (ab15895) and BIP (ab2902) from Abcam (Cambridge, MA); and to Amylase (A-8273) from Sigma (St. Louis, MO). Secondary antibodies and chemiluminescence reagents came from Amersham Pharmacia (Piscataway, NJ). Precast gels, nitrocellulose membrane, and SDS-PAGE markers were from Bio-Rad (Hercules, CA). Collagenase was purchased from Crescent Chemicals (Hauppauge, NY), sulfated CCK-8 peptide from Research Plus (Bayonne, NJ), Bombesin from Bachem (Torrance, CA) and MiniComplete protease inhibitor from Roche. All other chemicals were obtained from Sigma (St. Louis, MO).
Cells and Cell Culture
Pancreatic acini were isolated from 6-to 8-wk-old male ICR mice by collagenase digestion, as previously described (Yule and Williams, 1992) . HEK293 and AR42J cells were obtained from ATCC (Rockville, MD) and cultured according to supplied instructions. Jurkat T-cells were a gift of Dr. David M. Markovitz (University of Michigan, Ann Arbor, MI) and were grown in an RPMI-1640 medium (Invitrogen), supplemented with 10% fetal bovine serum and antibiotic/antimycotic.
Animals and Treatment
Male ICR mice (Harlan Sprague Dawley, Indianapolis, IN), weighing ϳ30g were used, unless noted otherwise. CCK-deficient mice and appropriate controls were on a C57/Bl6 background, whereas NFAT-luciferase mice and the nontransgenic controls were on FVBN background. The mice were housed at 22-24°C on a 12-h light/dark cycle with free access to water and a standard rodent chow (5001 Rodent Diet; PMI Nutrition International, St. Louis, MO). In acute studies, mice were fasted overnight, refed with powder chow containing 0.1% camostat for 0.5-2 h, and then killed. For long-term growth and in vivo luciferase studies, mice were fed ad libitum either with powder chow containing 0.1% camostat or the same chow without camostat (control) for 3-7 d. Animals treated with FK506 were injected subcutaneously twice a day with either 3 mg/kg FK506 or vehicle (8% ethanol in 0.9% saline). Injections began 2 d before initiating feeding protocols. All studies were approved by the University of Michigan Committee on Use and Care of Animals.
RNA Isolation, RT, and PCR
RNA isolation, cDNA synthesis, and PCR followed the same procedures as described previously (Sans and Williams, 2004) . Briefly, total RNA was isolated from kidney, liver, or pancreas using TRIzol and RNeasy spin columns (Qiagen, Valencia, CA). For AR42J cells and isolated acinar cells, RNA was obtained using RNeasy kit according to manufacturer's instructions. RNA quality was evaluated by agarose gel electrophoresis and UV spectrometry. Total RNA, 1 g, was reverse-transcribed using TaqMAN reagents with random hexamers as primers. PCR was carried out using reagents from High Fidelity PCR system in Eppendorf Epgradient Mastercycler (Fremont, CA). The primers were designed with Primer Express software from Applied Biosystems (Foster City, CA) based on gene sequences retrieved from GenBank NCBI (see Supplementary Table) .
Preparation of Whole Cell, Cytoplasmic, and Nuclear Lysates
For whole cell lysates, pancreatic tissue was homogenized with a polytron homogenizer in an ice-cold phosphate-buffered saline (PBS) with MiniComplete protease inhibitor. A brief sonication and centrifugation followed and the supernatant was saved for further analysis. Cytoplasmic/nuclear protein extraction from intact pancreas adhered to the same protocol as already described (Guo et al., 2007) . In short, pancreas was removed and homogenized in 1.5-2 ml of a 2 M sucrose buffer with a motor-driven pestle. Nuclei were collected at 30,000 rpm in a Beckman Optima TLX ultracentrifuge (Fullerton, CA) for at 4°C. The pellet was washed with ice-cold PBS, centrifuged, and resuspended in 0.25-0.5 ml of high-salt nuclear lysis buffer, and the original supernatant was saved as a cytoplasmic extract. Cytoplasmic/ nuclear protein extraction from primary acinar cells and a Jurkat cell line followed a modified nuclear extraction protocol (Shaw et al., 1988) . Cytoplasmic extracts were obtained in the same manner as above, except only 0.5-0.75 ml of high-sucrose buffer was used. The pellet was then washed with ice-cold PBS and resuspended in 350 -750 l of a low-salt resuspension buffer (50 mM HEPES, 50 mM KCl, 0.1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM benzamidine, and MiniComplete protease inhibitor). Ammonium sulfate (35-75 l, 3 M) was added to bring its concentration in the buffer up to 0.3 M. The samples were incubated for 30 min on a rocking platform in a cold room and then centrifuged for 15 min at 100,000 rpm in the Beckman ultracentrifuge. To precipitate nuclear proteins, the resulting supernatant was added to an equal volume of 3 M ammonium sulfate and centrifuged for 10 min at 50,000 rpm. The pellet was resuspended in 250 -500 l of low-salt resuspension buffer and used in future experiments. All protein concentrations were determined using protein assay reagent (Bio-Rad, Hercules, CA).
SDS-PAGE and Western Blotting
The samples were loaded onto precast SDS-polyacrylamide gels (Bio-Rad) with 15-60 g/lane as described in Results. Proteins were then transferred onto nitrocellulose membranes, blocked, and incubated overnight with primary antibody at 4°C. The membranes were washed, incubated with the appropriate secondary antibody, and visualized on an Alpha Ease FC8900 imaging system (Alpha Innotech, San Leandro, CA); background-subtracted raw densitometric value (rdv) quantitation was carried using the same system. NFAT nuclear occupancy in isolated acinar cells was calculated as follows: (rdv of nuclear extract ϫ average fraction of total cellular protein in nucleus)/(rdv of nuclear extract ϫ average fraction of total cellular protein in nucleus ϩ rdv of cytoplasmic extract ϫ average fraction of total cellular protein in cytoplasm).
Adenoviruses
NFATc1-GFP adenovirus was a kind gift of Dr. Martin Schneider (University of Maryland, Baltimore, MD). NFAT-luciferase, FLAG-tagged truncated form containing the calcineurin-inhibitory domain of endogenous inhibitor CAIN (Flag-CAIN) and constitutively active calcineurin (CaCN) adenoviruses were constructed as previously described (Wilkins et al., 2004 ). An adenovirus expressing bacterial ␤-galactosidase and EGFP (␤gal/GFP) driven by separate cytomegalovirus (CMV) promoters was obtained from Dr. He (John Hopkins Oncology Center, Baltimore, MD) and used as a control. High titer virus was collected using a Vivapure AdenoPACK 100 kit (Vivascience, Hannover, Germany) according to the manufacturer's instructions and titered using the agarose overlay method, as described previously (Chen et al., 2001) .
Confocal Fluorescence Microscopy
Secondary cell lines (HEK293 and AR42J) were grown directly on 25-mm glass coverslips in six-well tissue culture plates until near confluence and incubated overnight with 10 7 PFU/ml NFATc1-GFP or ␤gal/GFP adenovirus. Acinar cells were isolated in the afternoon and incubated in suspension overnight with an adenovirus. Next day, acini were collected, resuspended in fresh DMEM, placed on glass coverslips treated with Cell-TAK Adhesive (BD Biosciences, Bedford, MA), and allowed to attach for ϳ30 min. The coverslips were then mounted as the bottom of a chamber placed on a microscope stage, incubated in clear DMEM, and loaded with 1.5 l/ml DRAQ5 nuclearlabeling dye for 3 min. Imaging was performed using an Olympus FluoView 500 confocal microscope (Melville, NY). GFP fluorescence was excited with a 488-nm blue argon laser and emission was measured through a 505-565-nm barrier filter. Samples were scanned using a 25ϫ objective and magnified by 1.5-2.0 zoom with FluoView version 5.0 software. Digital images were collected either individually or as multi-TIFF time series and processed using Photoshop v8.0 software (Adobe Systems, Mountain View, CA).
Luciferase Reporter Assay
Isolated acini were incubated in suspension with 5 ϫ 10 6 PFU of NFATluciferase adenovirus for 30 min and then distributed evenly in 22-mm 12-well plates. The cells were preincubated for 1 h and were then stimulated for 5.5 h. Acini were collected by centrifugation, washed with PBS, and lysed in 200 l of reporter lysis buffer (Promega, Madison, WI). Luciferase activity was measured with beetle luciferin as substrate (Luciferase Assay Kit, Promega) and raw data collected with a Berthold luminometer (Wildbad, Germany). When using FK506 or CsA, acini were pretreated with these inhibitors for 30 min before adding NFAT-luciferase, whereas for CaCN or Flag-CAIN, acini were incubated with the virus overnight. Each condition was assayed using cells from at least three independent acinar cell preparations with four replicate wells per assay. The data were normalized to protein concentration in the lysate.
Transgenic Mice
NFAT-luciferase transgenic mice were generated as previously described (Wilkins et al., 2004) . Briefly, nine copies of an NFAT binding site from the IL-4 promoter were positioned 5Ј to a minimal promoter from the alphamyosin heavy-chain gene and inserted upstream of a luciferase reporter gene in pGL-3 Basic (Promega). The animals were phenotypically normal, were bred with wild-type FVBN mice, and were genotyped by PCR using a tail-clipping method and primers listed in the Supplementary Table. To measure luciferase expression, 50 mg of pancreas, liver, or kidney was excised and homogenized in 800 l of ice-cold PBS with 0.25 mM EDTA. The samples were sonicated and centrifuged and 20 l of the supernatant was used for analysis.
Statistics
Multiple comparison data were analyzed by one-way ANOVA followed by Dunnett's posttest carried out on Graphpad Prism (Hearne Scientific, Auckland, New Zealand) and expressed as means Ϯ SE. Normalized luciferase data from NFAT-luciferase transgenic mice were analyzed by a two-tailed Student's t test.
RESULTS
NFATc1-c4 Expression in Exocrine Pancreas
Expression of calcineurin-regulated NFAT genes (NFATc1-c4) was examined at the mRNA level using semiquantitative RT-PCR and at the protein level using Western blotting. All four NFAT genes were strongly expressed in the intact pancreas. Isolated pancreatic acini and the acinar-cell-derived AR42J cell line, however, strongly expressed NFATc1-c3, whereas NFATc4 was expressed weakly, if at all ( Figure  1A ). The amplicons were the same size as those from kidney and liver, two organs previously reported to express all four NFAT genes (Hoey et al., 1995) . Parallel endogenous NFAT expression was observed at the protein level, with Western blots showing all four NFAT genes in the pancreas, but primarily NFATc1-c3 in isolated acinar cells ( Figure 1B) . On the basis of these findings, we concluded that NFATc1-c3 were main calcineurin-regulated NFAT genes in exocrine pancreas and hence all subsequent work was limited to these three genes.
Stimulation with CCK Leads to Increased Nuclear NFAT Occupancy
Nuclear translocation is a hallmark of NFAT activation. To examine the effect of CCK on the fraction of these transcription factors that reside in the nucleus, we performed Western blotting using cytoplasmic and nuclear lysates of isolated acinar cells (Figure 2, A and B) . One-hour incubation with 100 pM CCK resulted in a significant 3-5-fold increase in nuclear NFATc1 and c2 and a lower increase in NFATc3. Similar results were obtained in response to the calcium ionophore A23187 (2 M, positive control) as well as the muscarinic agonist carbachol (10 M). The purity of the extracts was confirmed by Western blotting and showed more than 95% enrichment of cytosolic marker cyclophilin A and nuclear marker lamin A/C (Figure 2A ) in their respective fractions. Western blots against markers of cytoplasmic organelles, for zymogen granules (amylase), endoplasmic reticulum (BIP), and mitochondria (VDAC), all produced markedly stronger cytoplasmic signal and only amylase appeared in the nuclear fraction (data not shown). In addition, the increase in nuclear NFATs could not be attributed to increased expression, because short-term treatment with CCK did not increase total NFATc1-c3 within the whole cell lysates (Supplementary Figure 1) .
CCK Promotes Nuclear Translocation of NFATc1-GFP
To more directly visualize changes in subcellular localization of NFATs, we used an adenoviral vector to express NFATc1-GFP fusion protein. Isolated acini were incubated overnight with either NFATc1-GFP or a control virus expressing ␤gal and green fluorescent protein (GFP) and were then imaged with a confocal microscope. As in our previous experience with adenovirus-mediated expression in acini , more than 95% of individual acinar cells displayed GFP fluorescence. In addition, nuclear marker DRAQ5 was taken up into the cells within 3 min of incubation and rapidly produced a detectable signal with no observable cytotoxicity, at least in the short term (up to 4 h).
In unstimulated acini, NFATc1-GFP showed a broadly cytoplasmic distribution, with a low but detectable nuclear signal in some cells. On 30-min treatment with 100 pM CCK, there was a change to an almost exclusively nuclear signal ( Figure 3A ; high magnification overlay in Supplementary  Figure 2A ). This translocation was rapid and reached a sustained peak between 30 and 60 min ( Supplementary Figure 2B) . Nuclear shuttling of NFATc1-GFP was also characterized in response to a variety of other agents, as shown in images of representative acini after 30 min of treatment ( Figure 3B ) and quantitation of these results as "% nuclear NFATc1-GFP" by colocalization of GFP and DRAQ5 signals ( Figure 3C ). CCK-mediated translocation of NFATc1-GFP occurred in a dose-dependent manner, because 10 pM CCK produced a lower degree of nuclear localization than 100 pM. The response was also dependent on calcineurin, because 30-min preincubation with FK506, a specific inhibitor of this enzyme, completely blocked CCK-driven nuclear shuttling. In contrast, acini treated with either 10 7 PFU/ml constitutively active calcineurin (CaCN) or 1 M A23187 exhibited an almost exclusively nuclear NFATc1-GFP signal. In acini treated with PMA, an agent that does not elevate intracellular calcium, the localization of the fusion protein was the same as in vehicle treated cells. Lastly, acini incubated with adenovirus expressing GFP showed a diffusely cytoplasmic fluorescence that was not altered by 30-min treatment with 100 pM CCK. We also carried out experiments with acinar-cell derived AR42J cell line and HEK293 cells. AR42J cells responded to CCK with a nearly complete nuclear translocation at 1 nM, whereas HEK cells which do not express CCK receptor, responded to A23187 and CaCN, but not CCK. Western blots against GFP in acini incubated overnight with NFATc1-GFP likewise showed a similar shift in nuclear localization upon stimulation with 100pM CCK as that observed for endogenous NFATc1 in Figure 2A (data not shown).
CCK Leads to NFAT Activation in a Calcineurin-dependent Manner
To examine the functional consequences of NFAT translocation, we incubated isolated acinar cells with 5 ϫ 10 6 PFU/ml of an adenovirus where expression of luciferase gene is controlled by nine tandem NFAT binding sites from the IL-4 promoter. Transcriptional activation of these elements in response to NFATs has been well-documented (Szabo et al., 1993; Sanna et al., 2005) . CCK dose-dependently activated luciferase expression, which plateaus at 100 pM with an ϳ500-fold increase compared with unstimulated cells ( Figure 4A ). CCK-mediated NFAT activation was dependent on calcineurin, as it was dose-dependently inhibited by two different inhibitors, FK506 and CsA ( Figure 4B ). This finding is further supported by an adenoviral overexpression of a well-established endogenous calcineurin inhibitor CAIN (Lai et al., 1998) . Overnight incubation with 10 7 PFU/ml adenovirus expressing CAIN blocked both CCKand CaCN-induced increase in NFAT-luciferase activity ( Figure 4C ). Lastly, we demonstrated that the reporter dosedependently responded to a range of agonists that elevate intracellular calcium and are thereby known to activate calcineurin, including A23187, bombesin, and carbachol ( Figure 4D) ; agents that signal via other pathways, such as PMA and VIP, did not have any effect (data not shown).
CCK Promotes Calcineurin-dependent Increase in Nuclear NFATs In Vivo
The data presented thus far clearly show that CCK can promote calcineurin-dependent nuclear translocation and activation of NFATs in isolated acinar cells. Given the evidence in vitro, we went on to examine whether the same holds true in vivo. Male ICR mice were fed with a diet containing the synthetic trypsin inhibitor camostat, which results in increased secretion of CCK and elevation in plasma levels of this hormone from a basal level of 0.5-1.5 pM to ϳ10 pM (Yamamoto et al., 2003; Tashiro et al., 2004) . Nuclear extracts from mice fed camostat showed an increase in nuclear NFAT signal with a peak at 1 h, as shown by representative Western blots in Figure 5A . Densitometric measurements of four independent Western blots of NFATc1, showed a 2.3 Ϯ 0.7-fold increase compared with basal at 0.5 h, a 4.9 Ϯ 2.0 fold increase at 1 h, and a 4.0 Ϯ 1.3-fold increase at 1.5 h. The effect was completely abolished by injection of FK506, with the nuclear NFATc1 signal declining to 0.4 Ϯ 0.1-fold of basal. Similar changes were seen for NFATc2 and c3. As in isolated acini, the increase in nuclear NFATs could not be attributed to increased expression of these proteins, since short-term camostat treatment did not alter total NFATc1-c3 within the whole cell pancreatic lysates ( Figure 5B ).
Treatment with protease inhibitors such as camostat, is known to affect other GI hormones, most notably secretin (Watanabe et al., 1992) . To address the importance of CCK to nuclear NFAT shuttling in our in vivo model, we performed Western blotting using nuclear lysates from CCK-deficient mice (Lacourse et al., 1999) fed a camostat-containing diet for 1 h. Nuclear NFATs in these genetically modified animals were not appreciably increased compared with fasted controls as well as to strain and age-matched wild-type mice (Supplementary Figure 3A) . In addition, in order to control the timing and to compel rapid feeding, mice fed with a camostat-containing diet were fasted overnight. Food intake in previously fasted animals increases plasma CCK from a basal of 1 pM to 3-5 pM (Sans and Williams, 2004; Tashiro et al., 2004) , but this small change is not enough to produce pancreatic growth and also does not lead to an increase in nuclear NFATs (Supplementary Figure 3B) .
CCK Promotes Calcineurin-dependent Transcriptional Activation of NFATs In Vivo
To examine the functional consequences of increased nuclear NFATs in vivo, we used a transgenic mouse model expressing the same NFAT-luciferase reporter as the one used in the isolated acinar cell experiments described above. Because the mice were on an inbred FVBN background, we first examined the parameters of pancreatic growth response of this strain. Similar to previously evaluated ICR and C57BL/6 mouse strains (Sato et al., 2002; Tashiro et al., 2004) , FVBN mice exhibited a robust pancreatic growth in response to camostat-containing diet, with more than a twofold increase in total wet pancreatic weight and relative pancreatic weight as well as significant increases in total pancreatic protein and DNA (Table 1 ). When they were fed camostat, both transgenic mice and their littermate controls showed the same degree of pancreatic growth, but relative luciferase activity was significantly increased only in the pancreases of transgenic mice ( Figure 6A ). In liver, an organ that we would not expect to be affected by an elevation in endogenous CCK, there was no difference in reporter expression due to camostat feeding in either transgenic or nontransgenic mice. Moreover, the camostat-induced increase in NFAT-driven luciferase activity was dependent on calcineurin, because injection of FK506 completely blocked camostat-induced increase in NFAT-luciferase reporter ex- Figure 3 . CCK promotes nuclear translocation of NFATc1-GFP. Isolated mouse acini were incubated overnight with 10 7 PFU/ml either NFATc1-GFP or ␤gal/GFP adenovirus, loaded with DRAQ5 nuclear-labeling dye and imaged on a Cell-Tak-coated glass coverslip using an Olympus FluoView 500 confocal microscope. (A) Time course of a single isolated mouse acinus before (top) and after (bottom) 30-min treatment with 100 pM CCK. (B) Sample images of acini treated for 30 min with agents as listed. In experiments using FK506 and CaCN, acini were pretreated for 30 min and overnight, respectively. (C) Randomly chosen medium-sized (5-20 cell) DRAQ5-loaded acini expressing GFP (approx. 95% of all acinar cells) were used to quantitate % of nuclei showing NFATc1 signal, using colocalization of DRAQ5 and GFP. Data are a mean Ϯ SE of 3-5 independent acinar isolations with averaged counts from at least 10 acini per preparation. *p Ͻ 0.01 compared with vehicle-treated control.
pression in the pancreases of NFAT-luc transgenic mice. Liver expression of luciferase was not affected by FK506 ( Figure 6B ).
DISCUSSION
Calcineurin-NFAT signaling, originally characterized as a key to cytokine expression, has since been shown to regulate a range of adaptive responses outside the immune system (Horsley and Pavlath, 2002) . Our study explores a novel role of this pathway in adaptive hyperplastic growth. We show that NFATc1-c3 are the predominant NFATs expressed in pancreatic acini. All three are known to be regulated by calcineurin, but the differences between them as far as affinity and kinetics of their interactions with calcineurin, dephosphorylation sites, nuclear translocation mechanisms, and binding affinity with DNA and transcriptional partners remain obscure. Although the main focus of this study is not the activation patterns of individual NFATs, based on their robust response and high level of expression, we postulate that NFATc1 and c2 are the most likely to play a functional role in response to CCK. Confirming this prediction awaits further studies using pancreas-specific, NFAT-deficient animals.
Although calcineurin-independent NFAT activation has been reported (Ghosh et al., 1996; Fujii et al., 2005) , the most firmly established model of NFAT activation consists of calcineurin-mediated dephosphorylation, nuclear translocation, and transcriptional activation (Molkentin, 2000) . CCK rapidly activates calcineurin in exocrine pancreas as shown by an in vitro phosphatase assay (Burnham, 1985) and dephosphorylation of CHRSP-24, a known enzymatic target of calcineurin in vivo (Groblewski et al., 1998) . On the basis of imaging of live acinar cells expressing NFATc1-GFP, we show that CCK-stimulated shuttling of NFAT proteins begins within minutes and reaches a sustained peak between 0.5 and 1 h. Although we have not modeled the kinetics of NFATc1-GFP, we made similar observations as those in a recent report by Shen et al. (2005) , including accumulation of nuclear NFATc1 into foci (so called "NFATc1 bodies," as pointed out by the small white arrows in Supplementary Figure 3A) and differences in time course of translocation depending on the stimulatory agent or even varying doses of the same agent. Rich heterogeneity of downstream signals, such as nuclear translocation of transcription factors, may be an important means whereby calcium transients are able to regulate a diverse range of short-and long-term responses (Johnson and Chang, 2000) . Subcellular distribution of endogenous NFATs examined by Western blotting closely mirrors imaging experiments with a significant shift from primarily cytoplasmic to nuclear localization within 0.5-1 h. The slight discrepancies between the two methods may relate to detection sensitivities, signal-noise ratio limitation of imaging GFP (Goldman and Spector, 2005) , or artifacts of overexpression. In addition, several reports have linked the multiple NFAT bands on Western blots with phosphorylation state of these proteins (Feske et al., 2001; Im and Rao, 2004) . The lowest electrophoretic mobility band has been described as corresponding to basal, hyperphosphorylated NFATs, whereas each subsequent higher mobility band as increasingly dephosphorylated protein. Our Western blots of fractionated acinar extracts show a relatively stronger signal of a low electrophoretic mobility band in cytoplasm and higher mobility bands in the nucleus. In addition, treatment with -phosphatase led to a dose-dependent downward shift of cytoplasmic NFATc1 banding pattern, reflecting change in a phosphorylation state of the protein (data not shown). This observation further supports the model of calcineurin-mediated dephosphorylation and nuclear translocation of NFATs in response to CCK.
Once in the nucleus, NFATs act to initiate expression of numerous target genes. Although there is a clear spatial, temporal, and functional association, the precise link between nuclear translocation and transcriptional activation remains unclear (Hogan et al., 2003) . The latter, for instance, has been shown to be regulated by modifications of the transactivation domains independent of the residues required for translocation (Okamura et al., 2000; Ortega-Perez et al., 2005) . To specifically examine CCK-mediated transcriptional activation, we used an NFAT-driven luciferase reporter, introduced into our primary cells by an adenoviral vector. We show that CCK dose-dependently activates NFATs similarly to positive controls, calcium ionophore A23187 and constitutively active calcineurin. Two distinct inhibitors of calcineurin, CsA and FK506, dose-dependently ablate transcriptional activation of NFATs. The striking specificity of these agents has been addressed at length (Ho et al., 1996) , but we confirmed our findings by overexpressing the endogenous calcineurin inhibitor CAIN, which unlike the two drugs, does not require association with immunophilins to be effective (Lai et al., 1998) . In agreement with Okamura et al. (2000) , the magnitude of the inhibition suggests calcineurin is the critical determinant of transcriptional activation of NFATs.
Perhaps the most interesting finding of this study is CCKmediated activation of calcineurin-NFAT signaling in vivo. As shown here, in other strains of mice (Tashiro et al., 2004) and in rats (Otsuki et al., 1993; Yamamoto et al., 2003) , feeding a camostat-containing diet leads to a dramatic, more than twofold increase in total and relative pancreatic weight. Our results also establish that this trophic response is accompanied by an increase in both nuclear NFATs and NFAT-driven luciferase reporter. These effects, like pancreatic growth itself, are mediated by calcineurin, because they are completely blocked by FK506. Although this does not prove a direct cause-and-effect relationship, it suggests that NFATs are likely the key functional transcriptional effectors of calcineurin in CCK-regulated growth. Elevation in endogenous CCK leads to proliferation of pancreatic acini in rodents, but the steps involved in turning on the machinery to allow the cells to enter the cell cycle are not well characterized. It has been shown that calcineurin can regulate cyclinD1 in growth-stimulated fibroblasts (Kahl and Means, 2004) and that NFATc4 can induce cyclinD1 in epidermal cl 41 cells (Ding et al., 2006) . Whether analogous mechanisms take place in acinar cells in response to CCK remain to be seen, but preliminary studies have shown increases in cyclin D1 and D2 mRNA within 12-24 h of camostat feeding (Guo and Williams, unpublished data) . Aside from directly regulating the cell cycle, NFATs may promote growth by inducing expression of a class of late early-response genes, which then in turn regulate cell proliferation. In addition, recent work in our laboratory has shown that mitogen-activated protein kinase-regulated early response transcription factors of the AP-1 family are activated in pancreatic growth (Guo et al., 2007) within the same time course as shown here for NFATs. The AP-1 family is known to regulate gene expression in concert with NFATs (Macian et al., 2001) as well as to increase the affinity and stabilize the binding of NFATs to DNA (Peterson et al., 1996; Ramirez-Carrozzi and Kerppola, 2001 ). The calcineurin-NFAT pathway has been identified as a target for therapeutic intervention in regeneration of skeletal muscle (Sakuma et al., 2003) and ␤-cells (Heit et al., 2006) . Given the importance of calcineurin in hormonally regulated pancreatic growth, manipulation of this pathway could potentially be used to promote regeneration of this organ following chronic pancreatitis or pancreatic resection. Protease inhibitor induced elevation of CCK and digestive enzyme secretion have been shown to take place in humans (Friess et al., 1998) and camostat has been used as an adjunct treatment of pancreatitis in Japan (Brackmann and Rosemeyer, 1984) . Future translational applications, however, depend on a better understanding of the role of this pathway and its downstream effectors both in adaptive growth and pathological processes such as pancreatic cancer (Buchholz et al., 2006) . Identification of CCK-mediated calcineurin-dependent activation of NFATs as a strong initial signal of this homeostatic growth response is a first step toward that goal.
